Polyamines are small cationic molecules that have far-reaching roles in biology. In the case of pathogenic bacteria, these functions include those central to their pathogenesis. Streptococcus pneumoniae is a major bacterial pathogen, causing a diverse range of diseases that account for significant morbidity and mortality worldwide. In this work, we characterize the polyamine biosynthetic pathway of S. pneumoniae, demonstrating that this organism produces spermidine from arginine. The synthesis of spermidine was found to be nonessential for growth in a polyamine-free chemically defined medium. However, mutant strains lacking the ability to synthesize or transport spermidine displayed a significant delay in the onset of autolysis. We provide evidence for a model in which spermidine modulates the activity of the major autolysin LytA in the pneumococcal cell wall compartment via interactions with negatively charged molecules, such as teichoic acids.
Polyamines are small cationic molecules that have far-reaching roles in biology. In the case of pathogenic bacteria, these functions include those central to their pathogenesis. Streptococcus pneumoniae is a major bacterial pathogen, causing a diverse range of diseases that account for significant morbidity and mortality worldwide. In this work, we characterize the polyamine biosynthetic pathway of S. pneumoniae, demonstrating that this organism produces spermidine from arginine. The synthesis of spermidine was found to be nonessential for growth in a polyamine-free chemically defined medium. However, mutant strains lacking the ability to synthesize or transport spermidine displayed a significant delay in the onset of autolysis. We provide evidence for a model in which spermidine modulates the activity of the major autolysin LytA in the pneumococcal cell wall compartment via interactions with negatively charged molecules, such as teichoic acids.
P
olyamines are flexible hydrocarbon chains with multiple amine groups that are positively charged at neutral pH. These molecules are used by almost all cell types (prokaryotic and eukaryotic) and, due to their cationic properties, interact with negatively charged cellular constituents, including RNA, DNA, and proteins, to modulate various cell processes (1) . Intracellular polyamines often exist as complexes with nucleic acids, stabilizing or causing structural changes in DNA and RNA that may influence protein synthesis or the activity of DNA binding proteins (2) . An important role for polyamines in protecting cells from physiological stress also has been established. They are known to protect certain cells (including Escherichia coli) from oxidative stress by interacting directly with free radicals (3) and also are involved in the cellular response to acid stress (4) . The roles of polyamines are not confined to the intracellular environment; they are also known to interact with cell envelopes. This may involve simple ionic interactions with anionic polysaccharides, proteins on the cell surface, or covalent interactions with peptidoglycan (5) . While the specific function of many of these interactions is not completely understood, an important role for polyamines in modulating the activity of porins, transmembrane channels that allow the diffusion of hydrophilic compounds across the outer membrane of Gram-negative cells, has been established (6) .
Putrescine, spermidine, spermine, and cadaverine are the most widely distributed cellular polyamines, and they are essential for normal multiplication of many prokaryotic and eukaryotic cells. The different lengths of the hydrocarbon backbone and number of amine groups result in differing physicochemical properties between these molecules. However, the relationship between structure and function of polyamines is not completely understood. Bacteria satisfy their need for polyamines through biosynthesis as well as uptake from the surrounding environment. Biosynthesis typically involves an initial decarboxylation of an amino acid, usually ornithine, arginine, or lysine. Different bacterial species utilize different pathways to synthesize polyamines, and the occurrence of the specific type of polyamine utilized varies considerably between species. Polyamine transport in bacteria typically involves the action of ABC (ATP-binding cassette) transporters or antiporters that are selective for specific molecules. Despite the fact that polyamines have been studied for many years, their far-reaching roles in biology have only recently been appreciated. For instance, an increasing number of studies demonstrate their importance in bacterial pathogenesis (reviewed in reference 7). The importance of polyamines in modulating bacterial biofilm formation also has become increasingly clear; they have been shown to influence biofilm formation in Neisseria gonorrhoeae (8) , Bacillus subtilis (9), E. coli (10) , Yersinia pestis (11) , and Vibrio cholerae (12) . The specific mechanisms by which polyamines influence these processes appear to be diverse, and in many cases they have yet to be elucidated.
Streptococcus pneumoniae (the pneumococcus) is a Gram-positive, human-adapted bacterial species that is frequently carried asymptomatically in the nasopharynx, but it also causes significant morbidity and mortality. Invasive diseases caused by the pneumococcus include meningitis, sepsis, and pneumonia, while noninvasive diseases include conjunctivitis, sinusitis, and otitis media. Despite the existence of relatively effective vaccines and antibiotic treatment options, this organism is a leading cause of death in children and in elderly and immunocompromised individuals worldwide (13) . In spite of its known importance in many aspects of cell biology, as well as in biofilm formation and the pathogenesis of a number of bacterial species, relatively little is known about polyamine utilization or function in pneumococci. Although putative polyamine biosynthetic and transport systems have been identified in the pneumococcus and their importance in pathogenesis in the mouse model of infection has been established (14-16), the biosynthetic pathway for polyamine synthesis and the molecular function of these molecules in the pneumococcus has not been established. In the present work, we characterize the spermidine biosynthesis pathway of S. pneumoniae and show that this polyamine is involved in modulating pneumococcal autolysis.
MATERIALS AND METHODS
Strains and growth conditions. S. pneumoniae virulent serotype 2 strain D39 was routinely cultured on Columbia blood agar base supplemented with 5% horse blood at 37°C and 5% CO 2 . Blood agar plates were supplemented with 0.2 g/ml erythromycin or 100 g/ml spectinomycin for the selection of mutant strains. Growth experiments of pneumococci in liquid culture were performed using a chemically defined medium (CDM) (17) supplemented with catalase (10 U/ml; Sigma) at 37°C.
Construction of mutant strains. Genes were deleted from S. pneumoniae D39 and replaced with an erythromycin or spectinomycin resistance cassette by transformation with a linear DNA fragment constructed by overlap extension PCR (18) using the primers listed in Table 1 . Generation of competent S. pneumoniae cells and subsequent transformation was performed as previously described (19) .
Growth and autolysis assays. Analysis of pneumococcal growth and autolysis was performed by growing cells in 96-well microtiter plates (200-l culture volume) at 37°C and measuring the optical density (A 600 ) at 30-min intervals over a 24-h time period using a Spectromax spectrophotomer (Molecular Devices). Reduction in A 600 of cultures at the end of the logarithmic phase of growth was considered evidence of cellular autolysis.
HPLC analysis of cellular polyamines. Cellular polyamines were identified using high-performance liquid chromatography (HPLC), essentially as described by Lee et al. (20) . Cells (50 ml of late-exponentialphase culture) were harvested by centrifugation (6,000 ϫ g, 20 min), washed three times in phosphate-buffered saline (PBS), resuspended in morpholinepropanesulfonic acid (MOPS) lysis buffer (100 mM MOPS, 50 mM NaCl, 20 mM MgCl 2 , pH 8.0), and subjected to three cycles of freeze-thawing. Trichloroacetic acid then was added to a final concentration of 10%, and the cells were incubated on ice for 5 min. The cell lysate was cleared by centrifugation (13,000 ϫ g, 3 min), and the supernatant was stored at Ϫ20°C until analysis. Polyamines (5 l of supernatant) were fluorescently labeled with an AccQ-fluor reagent kit (Waters) according to the manufacturer's instructions. For normalization, 1,8-diaminooctane was included as an internal standard. Labeled polyamines were separated on a Zorbax Eclipse Plus C 18 column (5-m volume; 100 Å; 250 by 4.6 mm; Agilent) using an Agilent 1100 series HPLC system with fluorescence detection (excitation, 248 nm; emission, 398 nm). The following gradient was run at a flow rate of 1 ml/min using solvent A (450 mM sodium acetate, 17 mM triethylamine, pH 4.75) and solvent B (60% acetonitrile, 0.01% acetone): 1 to 5 min, 0 to 20% B; 5 to 50 min, 20 to 50% B; 50 to 65 min, 50 to 100% B; 65 to 67 min, 100% B. Cadaverine, putrescine, spermidine, spermine, and the internal standard were clearly separated using this method, as confirmed using standards purchased from Sigma.
RESULTS
Characterization of the pneumococcal polyamine biosynthetic pathway. Analysis of S. pneumoniae genome sequences reveals that this organism possesses a conserved operon of 6 genes with significant homology to known polyamine biosynthetic genes (Fig. 1A) . The first gene of this operon (SPD0809 in strain D39 [21] ) is annotated as encoding either lysine decarboxylase or arginine decarboxylase (ADC) in different pneumococcal serotypes. It has been suggested that the primary role of this gene product in pneumococci is the decarboxylation of lysine to cadaverine (14) . However, given the location of this gene on the pneumococcal chromosome, we hypothesized that it plays an important role in spermidine biosynthesis via arginine decarboxylation. Pneumo- cocci possess 4 genes (SPD0812-0815 in strain D39 [21] ) (Fig. 1A) that constitute an alternate spermidine biosynthetic pathway recently characterized in Campylobacter jejuni (22) . These gene products, agmatine deiminase (ADI), N-carbamoylputrescine amidohydrolase (NCPAH), carboxyspermidine dehydrogenase (CASDH), and carboxyspermidine decarboxylase (CASDC), represent a pathway for spermidine synthesis, as illustrated in Fig. 1B . CASDH and CASDC are thought to operate as an alternative pathway in spermidine synthesis from putrescine in organisms that lack the classical enzymes S-adenosylmethionine decarboxylase (AdoMetDC) and spermidine synthase (SPDS). Interestingly, pneumococci encode SPDS (SPD0811 in strain D39 [21] ) (Fig.  1A) but not AdoMetDC, a situation shared by a number of other firmicutes (22) . To experimentally confirm the putative pneumococcal polyamine biosynthetic pathway, illustrated in Fig. 1B , three mutant strains lacking the key enzymes ADC, CASDH, and SPDS were constructed. These mutants were designated D39adc, D39casdh, and D39spds, respectively. The effect of these mutations on the pneumococcal polyamine profile, when cultured in polyaminefree CDM, then was determined using HPLC. Spermidine was the only polyamine that could be detected in pneumococci under these conditions ( Fig. 2A) , and it could not be detected in mutant strains lacking ADC or CASDH (Fig. 2B and D) . While spermidine could be detected in the mutant strain lacking SPDS, a marked reduction was evident compared to the level in wild-type pneumococci (Fig. 1C) . Together, these results confirm the role of the SPD0809-0815 operon in spermidine biosynthesis in pneumococci.
Spermidine synthesis influences pneumococcal autolysis in vitro. Polyamine biosynthesis is essential for the normal proliferation of many cell types, including E. coli (23) . The successful culture of mutant strains lacking ADC, CASDH, or SPDS in polyamine-free CDM for HPLC analyses suggested that polyamines are not essential for pneumococcal growth. This was confirmed by measuring the growth kinetics of these strains, which was found to be identical to that of the wild-type parent (Fig. 3A) . However, a significant delay in the onset of autolysis was observed in all three mutant strains (Fig. 3A) . Pneumococcal autolysis is initiated primarily through the action of the murein hydrolase LytA (N-acetylmuramoyl L-alanine amidase) that specifically cleaves structural components of cell wall-associated peptidoglycan (24) . Western blot analysis using polyclonal mouse anti-LytA revealed that there was no significant difference in the amount of LytA expressed by any of the three mutant strains compared to that of wild-type pneumococci (data not shown). The specific mechanism by which LytA is activated during the stationary phase of the growth cycle is not completely understood, but our results indicate that spermidine utilization plays a key role in modulating LytA activity.
Manipulating the ionic conditions of the growth medium mimic the effect of polyamines on pneumococcal autolysis. We hypothesize that interactions between the cationic spermidine molecules and negatively charged compounds within the cell wall of pneumococci, such as teichoic acids and peptidoglycan, mod- ulate the activity of LytA. The polyamine putrescine has been shown to be able to substitute for choline in the cell wall of pneumococci (25) . Furthermore, the activity of murein hydrolases is thought to be modulated by a complex process involving interactions with teichoic acids and is dependent on the ionic conditions within the cell wall microenvironment (reviewed in reference 26). The polyanionic matrix of the Gram-positive cell wall has a high capacity for binding cations, particularly Mg 2ϩ and Ca 2ϩ , and it has been shown that disturbing Mg 2ϩ homeostasis through deletion of the gene encoding its transport promotes lysis of S. pneumoniae (27) . In view of this, the effect of Mg 2ϩ on the autolysis profiles of wild-type and mutant pneumococci was examined. Supplementing the growth media with an excess of MgCl 2 (20 mM) did not affect the growth rate of any of the strains examined. However, autolysis was completely inhibited in all strains over the time period examined, such that no difference in phenotype between the three mutant strains and wild-type pneumococci was evident (Fig. 3B) .
The incorporation of D-alanine residues into teichoic acids is important for modulating the properties of the cell wall in many Gram-positive species by reducing the negative charge of the cell envelope. Inhibition of D-alanylation in S. pneumoniae has been shown to result in increased susceptibility to cationic antimicrobial peptides (28) , while in other species, such as Lactococcus lactis (29) , it has been shown to result in increased autolysis. To investigate the impact of D-alanylation of teichoic acids on the autolysis phenotypes of wild-type and mutant pneumococci, cells were grown under physiological conditions known to inhibit D-alanine incorporation. High salt concentrations alter the structure of teichoic acids and prohibit D-alanylation (26) . The supplementation of CDM with 20 mM NaCl was found to significantly increase the rate of autolysis of all strains, although the mutant strains still exhibited delayed autolysis compared with the wild-type parent (Fig. 3C) . Together, these results illustrate that manipulating the ionic conditions of the growth environment can mimic the effect of spermidine on pneumococcal autolysis.
Spermidine transport influences pneumococcal autolysis. Pneumococci also are known to encode an ABC-type polyamine transport system, potABCD, homologues of which have been shown to transport spermidine preferentially (30) . Given that our results indicate a role for spermidine in the cell wall compartment of pneumococci, we were interested in determining if this transporter also was involved in modulating pneumococcal autolysis. A mutant strain lacking the substrate binding component (PotD) of this transporter was constructed. HPLC analysis revealed that this strain was able to synthesize spermidine at a level similar to that of the wild type (Fig. 4A) . However, the onset of autolysis in this strain was delayed compared to that of wild-type pneumococci, although not to the same extent as one of the spermidine biosynthesis mutant strains (Fig. 4B) . The effect of supplementing growth media with excess spermidine on the autolysis profiles of the three biosynthesis mutants and transport mutant strain also was determined. The addition of subinhibitory concentrations of spermidine (up to 2 mM) did not influence the rate of autolysis of any of the pneumococcal strains examined (data not shown). These data indicate that both synthesis and transport of spermidine across the membrane is essential for modulation of autolysis in pneumococci.
DISCUSSION
Although the importance of polyamine biosynthesis and transport in pneumococcal pathogenesis has been known for a number of years (15, 16, 31) , the precise molecular role of these molecules in this important bacterial pathogen has remained elusive. We have demonstrated that pneumococci encode enzymes for the synthesis of spermidine from arginine. This includes enzymes of the alternate spermidine biosynthesis pathway characterized in C. jejuni (22) . Surprisingly, however, we found that the spermidine synthase enzyme (SPDS) also appears to be important for spermidine synthesis, despite the fact that pneumococci do not encode S-adenosylmethionine decarboxylase (AdoMetDC). It is accepted that decarboxylated S-adenosylmethionine is essential for the conversion of putrescine to spermidine by SPDS. Thus, the precise role of SPDS in pneumococcal spermidine biosynthesis is not clear, although it is interesting that a number of other firmicutes encode SPDS in the absence of AdoMetDC (22) .
Numerous roles for polyamines in cell biology have been described. However, to our knowledge, this is the first report outlining a role for polyamines in the regulation of bacterial autolysis. Our data indicate that both the synthesis and transport of spermidine is required to potentiate autolysis, and we hypothesize that this occurs through modulation of LytA activity in the cell wall compartment. The PotABCD transport system typically has been considered to be involved in spermidine import in various bacterial species; however, our data indicate that it also is involved in its export. There is precedent for this assumption, with PotD of Syn- echocystis recently shown to be involved in both uptake and excretion of spermidine (32) . While the pneumococcal potD mutant strain displayed a delay in the onset of autolysis, it was not as severe as the phenotype displayed by the spermidine biosynthesis mutant strains. This is suggestive of the presence of an alternate transporter with lower affinity for spermidine in pneumococci. Furthermore, the fact that exogenous spermidine cannot reverse the autolysis phenotype of the mutant strains is indicative of a complex process in which a transient flux of the polyamine out of the cell during a specific phase of growth is required to modulate autolysis.
We favor a model in which spermidine modulates autolysin activity in the pneumococcal cell wall in a manner analogous to that of the proton motive force first described in Bacillus subtilis (33) and later in Staphylococcus aureus (34) . In this model, the respiring cell generates a proton gradient across the membrane that causes local acidification in the cell wall, reducing the activity of pH-sensitive autolysins. Collapse of the proton motive force from nutrient starvation or inhibition of respiration then leads to activation of autolysins during stationary phase. Since pneumococci do not possess a complete respiratory chain, the transport of cationic compounds such as spermidine across the membrane may be required to modulate autolysin activity. The fact that the spermidine-deficient pneumococcal mutants displayed delayed autolysis indicates that spermidine competes with other cations for anionic binding sites in the cell wall. The cell walls of mutant cells may contain a higher number of cations (or cations bound with a higher affinity) than wild-type cells, leading to enhanced suppression of autolysin activity. Indeed, our data illustrating the effect of high concentrations of Mg 2ϩ in inhibiting pneumococcal autolysis tends to support this hypothesis. Additionally, protons have been shown to compete with metal cations for the anionic sites in the wall matrix of B. subtilis (35) . It is also possible that spermidine utilization has an indirect effect in this respect by influencing the D-alanylation of teichoic acids. The degree of D-alanylation of Gram-positive cell walls is known to influence metal binding and affect autolysin activity. It seems clear, however, that modulation of autolysin activity is a complex process involving multiple layers of regulation. Thus, we suggest that spermidine-mediated regulation works in conjunction with D-alanylation to modulate autolysin activity in pneumococci.
Although our data, when viewed in conjunction with the established literature on the regulation of autolysin activity, supports the model described above, we cannot discount the possibility that spermidine utilization influences the targeting of autolysin to the cell wall. Choline-substituted teichoic acids are established as being essential for the targeting of LytA to the pneumococcal cell wall, so it is conceivable that spermidine influences this process through modulation of choline incorporation. This is particularly worthy of consideration given that the polyamine putrescine has been shown to be able to substitute for choline in the pneumococcal cell wall (25) . It is clear that further work needs to be done to confirm the precise mechanism whereby spermidine utilization influences pneumococcal autolysis and if this phenomenon occurs in other bacterial species.
Autolysis is known to play an important role in pneumococcal pathogenesis (36) , but specifically how this occurs is not clear. LytA may mediate lysis to release other virulence factors, such as pneumolysin (37) , or release proteins involved in immune evasion or cell wall components that may modulate the host innate immune response (38) . Another theory suggests that murein hydrolases are released to lyse neighboring noncompetent pneumococcal cells in a fratricidal manner, facilitating genetic exchange between naturally competent pneumococcal populations (39) . The effect of spermidine utilization on autolysis demonstrated here may explain the previously characterized importance of polyamine biosynthetic and transport genes for pneumococcal colonization and pneumonia in the murine model of infection (14) .
However, our results also suggest that there is a significant range of additional roles for spermidine in pneumococci. These might include modulating the trafficking of ions and nutrients between the extracellular environment and the cell membrane, influencing the activity of other choline binding proteins within the cell wall compartment, or resistance to host-derived cationic antimicrobial compounds. Investigating these potential roles represent an important aim for future research.
